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Edited by Robert BaroukiAbstract The role of the nuclear receptor FXR in adaptive
thermogenesis was investigated using FXR-deﬁcient mice. De-
spite elevated serum bile acid concentrations and increased
mRNA expression proﬁles of thermogenic genes in brown adi-
pose tissue, FXR-deﬁciency did not alter energy expenditure un-
der basal conditions. However, FXR-deﬁciency accelerated the
fasting-induced entry into torpor in a leptin-dependent manner.
FXR-deﬁcient mice were also extremely cold-intolerant. These
altered responses may be linked to a more rapid decrease in
plasma concentrations of metabolic fuels (glucose, triglycerides)
thus impairing uncoupling protein 1-driven thermogenesis. These
results identify FXR as a modulator of energy homeostasis.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Nuclear receptor1. Introduction
The Farnesoid X receptor (FXR/NR1H4) is a member of
the nuclear receptor superfamily activated by bile acids
(BAs). FXR is highly expressed in liver, intestine, kidney and
the adrenal gland with lower levels in white adipose tissue
[1]. FXR regulates BA synthesis from cholesterol by control-
ling the expression of key enzymes in the pathway. As such,
FXR is thought to act as a BA sensor limiting BA overload
and toxicity. In addition, FXR also inﬂuences lipoprotein
and glucose metabolism, as illustrated in FXR-deﬁcient mice
(FXR/) which display increased plasma cholesterol and tri-
glyceride levels and peripheral insulin resistance [1,2].
Adaptive thermogenesis is deﬁned operationally as heat pro-
duction in response to environmental temperature or diet, and
serves the purpose of protecting the organism from cold expo-
sure or regulating energy balance after changes in diet (for re-
view see [3]). In rodents, brown adipose tissue (BAT) is the*Corresponding author. Address: Institut Pasteur de Lille, De´parte-
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doi:10.1016/j.febslet.2007.09.064major site of thermogenesis. Recently, it has been shown that
treatment with cholic acid prevents diet-induced obesity in
mice by increasing energy expenditure [4]. Interestingly, this
eﬀect of BAs on thermogenesis seems to be FXR-independent.
BAs bind to the G-protein coupled receptor TGR5, leading to
an increased cAMP production and a subsequent activation of
type 2 iodothyronine deiodinase gene expression (DIO2). To
determine whether FXR is also involved in the regulation of
this process, we performed fasting and cold exposure experi-
ments in the FXR/ mouse model. We found that FXR-deﬁ-
ciency is associated with an impaired adaptive thermogenesis
upon these stress conditions.2. Materials and methods
2.1. Animals
Animal experiments were approved by the Institutional Committee
for animal use and care. Homozygous FXR/ mice and sex- and
age-matched wild type mice (FXR+/+) bred on the C57BL/6N genetic
background were kindly provided by F.J. Gonzalez [5]. Animals were
housed in a pathogen-free barrier facility with a 12 h light/12 h dark
cycle and a stable temperature of 21 C. Animals had free access to
water and standard laboratory chow diet (UAR A03, Villemoison/
Orge, France).2.2. Fasting protocol
FXR+/+ and FXR/ mice were fasted for a period of 48 h but had
free access to water. Food was withdrawn at the end of the dark phase
(8 h AM). Core body temperature was recorded with a thermoprobe
(RET-3, Physiotemp BAT-12) inserted 2 cm into the rectum at 0 h,
6 h, 24 h and 48 h. Mice were sacriﬁced after 48 h and brown adipose
tissue was isolated, immediately frozen using liquid N2 and stored at
80 C until further analysis.2.3. Cold-exposure experiment
FXR+/+ and FXR/ mice were individually housed at 4 C with
free access to food and water. The core body temperature was moni-
tored using a rectal thermoprobe at various times after the start of
cold-exposure. Brown adipose tissue was dissected 3 h after cold expo-
sure and subjected to gene expression analysis.
2.4. Implantation of osmotic mini-pumps
For continuous delivery of recombinant mouse leptin (R&D Sys-
tems), osmotic mini-pumps (Alzet, model 1003D) were implanted s.c.
which deliver leptin at 20 lg/day for 3 days. Control mice were infused
with sterile saline. This dose increased plasma leptin levels by 50-fold in
infused mice compared to controls (5.0 ± 2.1 ng/ml vs. 0.19 ± 0.07 ng/
ml).blished by Elsevier B.V. All rights reserved.
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Blood glucose levels were determined by using Accu-Check active
(Roche Diagnostics, Mannheim, Germany). Diﬀerent kits were used
to determine plasma concentrations of triglycerides and FFAs
(WAKO). Plasma leptin concentrations were measured using the Duo-
Set* Elisa kit (R& D systems, Minneapolis, USA). BA concentrations
in plasma were determined as previously described [6].
2.6. Gas chromatography
Bile salt composition of bile samples was determined by capillary gas
chromatography on a Hewlett-Packard gas chromatograph (HP
5880A) equipped with a 50 m · 0.32 mm CP-Sil-19 fused silica column
(Chrompack B.V., Middelburg, The Netherlands). For this purpose,
bile salts were converted to their methyl ester/trimethylsilyl derivatives.
2.7. Indirect calorimetry
Twenty-four hour energy expenditure was measured by indirect cal-
orimetry (Oxylet, Panlab-Bioseb, Chaville France). For a period of
24 h, O2 consumption and CO2 production were recorded every
20 min using a computer-assisted data acquisition program (Chart
5.2, AD Instruments Sydney, Australia).
2.8. RNA extraction and real time quantitative RT-PCR
Total RNA from liver, white and brown adipose tissues were iso-
lated using guanidinium isothiocyanate, as described [7]. Real time
quantitative was performed as previously described [8], using the fol-
lowing primers:
Primer sequences:Gene Sequences (5 0–3 0)
PPARa Forward AGG CCG TTG CCA CTG TTC AG
Reverse AGC CCT CTT CAT CCC CAA GC
PGC1-a Forward TTC TGG GTG GAT TGA AGT GGT G
Reverse TGT CAG TGC ATC AAA TGA GGG C
DIO2 Forward CCA CCT TCT TGA CTT TGC CA
Reverse GGT GAG CCT CAT CAA TGT ATA C
UCP1 Forward GGA GGT GTG GCA GTG TTC ATT GG
Reverse AGC ATT GTA GGT CCC CGT GTA GCG
Leptin Forward GGT GTG AAA GAA CCT GAG CTG AGG
Reverse CAG TGG ATG CTA ATG TGC CCT G
Cyclophilin Forward GCA TAC GGG TCC TGG CAT CTT GTC C
Reverse ATG GTG ATC TTC TTG CTG GTC TTG C2.9. Statistical analysis
Statistical signiﬁcance was analyzed using the Student’s t-test. All
values are reported as means ± S.E.M. Values of P 6 0.05 were consid-
ered signiﬁcant.3. Results
3.1. FXR-deﬁciency modulates the expression of thermogenic
genes in brown adipose tissue without altering basal energy
expenditure
In agreement with previous results [4], expression of neither
FXR nor its target-gene, small heterodimer partner (SHP), was
detectable in BAT of C57Bl/6 mice by quantitative real time
PCR (data not shown), excluding a direct action of FXR on
BAT thermogenesis. Levels of total circulating BAs were high-er in FXR/ mice, with the increase being more pronounced
in female than in male mice (Fig. 1A). Analysis of plasma BA
composition by gas chromatography–mass spectrometry indi-
cated that cholate constituted the major fraction in FXR/
mice. Compared to wild-type mice, FXR/ mice exhibited a
decreased proportion of deoxycholate which is the highest
aﬃnity BA ligand for the receptor TGR5 (Gpbar1) (Fig. 1B)
[9].
Next, we assessed whether this increase of plasma BA levels
is associated with an altered expression of thermogenic genes.
As shown in Fig. 1C, mRNA levels of DIO2 were signiﬁcantly
increased in BAT of male FXR/ mice. In parallel, uncou-
pling protein 1 (UCP1) mRNA levels were slightly, but signif-
icantly, increased in male FXR/ mice. Although plasma BA
concentrations were more elevated than in male FXR/ mice,
neither DIO2 nor UCP1 mRNA levels were increased in
female FXR/ mice. While PPARa mRNA levels did not dif-
fer between both genotypes, PPARc-coactivator-1a (PGC-1a)
mRNA expression was elevated to a higher extent in BAT of
male than in female FXR/ mice.
To determine whether these modiﬁcations in gene expression
are associated with altered basal energy expenditure, the met-
abolic rate was evaluated through indirect calorimetry in
chow-diet fed mice (Fig. 1D). O2 consumption, CO2 produc-
tion and physical activity were similar between both genotypes.
Moreover, the respiratory quotient did not diﬀer, indicating
that fuel substrate utilisation was unaltered in FXR/ mice.
Taken together, these results demonstrate that FXR-deﬁciency
does not alter energy expenditure under chow-fed conditions.3.2. FXR-deﬁciency accelerates the entry into torpor upon
fasting
To establish whether FXR plays a role in the dynamic regu-
lation of adaptive thermogenesis, fasting experiments were per-
formed in female FXR+/+ and FXR/ mice. FXR/ mice
exhibited a more rapid drop of body temperature than
FXR+/+ mice, falling respectively to 28.8 ± 0.4 C vs
34.5 ± 0.3 C (P = 0.0003) after 24 h of fasting (Fig. 2A). After
48 h of fasting, the diﬀerence in core body temperature was less
marked since the FXR+/+ mice also entered into torpor.
To assess the underlying molecular mechanisms, mRNA lev-
els of thermogenic genes were measured in BAT after 6 h and
48 h of fasting (Fig. 2B). As expected [10], fasting decreased
UCP1 mRNA levels in BAT. This eﬀect was signiﬁcantly more
pronounced in FXR/ mice than in FXR+/+ mice, possibly
contributing to the stronger decrease in body temperature. In
contrast, DIO2, PGC1a and PPARa expression did not diﬀer
between both genotypes at the end of the fasting period.3.3. Leptin infusion prevents the accelerated entry into torpor of
FXR/ mice
One mechanism that could explain the distinct metabolic re-
sponse to fasting in the FXR/ mice may be related to alter-
ations in fuel stores. We reported previously that FXR/ mice
exhibit a transient hypoglycemia upon fasting potentially
linked to reduced glycogen stores [11]. FXR-deﬁciency is asso-
ciated with increased baseline plasma triglyceride and FFA
levels [5,8,12]. However, after a 24 h fast, FXR/ mice dis-
played similar plasma triglyceride levels than wild-type mice
(Fig. 3A). Similarly, the diﬀerences in circulating FFA levels
between both genotypes were abolished after the 24 h fast.
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Fig. 1. Gender-speciﬁc regulation of plasma BAs and thermogenic genes in brown adipose tissue of FXR/ mice. (A) Plasma bile acids were
measured by an enzymatic ﬂuorimetric assay in fed FXR+/+ and FXR/ mice (n = 6 mice/group). (B) Plasma bile acid composition was analyzed by
gas chromatography. DCA: deoxycholate, CDCA: chenodeoxycholate; CA: cholate; HDC: hyodeoxycholate; UDCA: ursodeoxycholate; x-M: x-
muricholate; b-M: b-muricholate. Data are the results of a pool of six male mice and are expressed as percent of total plasma BA concentration. (C)
DIO2, UCP1, PGC-1a and PPARa mRNA levels in BAT of 6 h-fasted male and female FXR+/+ and FXR/ mice, were measured by quantitative
real-time PCR. Values are normalized relative to cyclophilin mRNA and are expressed (means ± S.E.M.) relative to those of FXR+/+ mice, which are
arbitrarily set at 1 (n = 6–7 mice/group). (D) Oxygen consumption (VO2), carbon dioxide production (VCO2), physical activity and respiratory
quotient were measured in male FXR+/+ and FXR/ mice using indirect calorimetry (n = 4 mice/group). Statistical signiﬁcant diﬀerences are shown
between genotypes (*P 6 0.05 and **P < 0.01).
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Fig. 2. Accelerated fasting-induced torpor in FXR/ mice. (A) Rectal temperatures (C) of FXR+/+ and FXR/ female mice were measured during
long-term fasting (n = 4–8 mice/group). Data are means ± S.E.M. Statistical signiﬁcant diﬀerences are shown between genotypes (*P < 0.05 and
***P < 0.001). (B) UCP1, PPARa, DIO2 and PGC-1a mRNA levels in BAT of female FXR+/+ and FXR/ mice, were measured by quantitative
real-time PCR after 6 h and 48 h of fasting. Values are normalized relative to cyclophilin mRNA and are expressed (means ± S.E.M.) relative to
those of 6 h-fasted FXR+/+ mice, which are arbitrarily set at 1 (n = 4–8 mice/group). Statistical signiﬁcant diﬀerences are shown both between
genotypes (*P < 0.05) and between the duration of fasting (§P < 0.05, §§P < 0.01, §§§P < 0.001).
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metabolic fuels decrease more rapidly in FXR/ mice. In par-
allel, a more rapid decrease of plasma leptin concentrations
was also detected as soon as 6 h after the initiation of fasting
in FXR/mice compared to FXR+/+ mice, with a value below
the limit of detection (10 pg/ml) after the 24 h fast (Fig. 3B).
Leptin has been shown to be an important regulator of
UCP1 expression in BAT [10,13], suggesting that the more ra-
pid drop in plasma leptin concentration may contribute to theaccelerated entry into torpor of the FXR/ mice. To test this
hypothesis, osmotic mini-pumps assuring a continuous deliv-
ery of recombinant mouse leptin were implanted in mice. Lep-
tin infusion prevented the entry into torpor of FXR/ mice
after 24 h of fasting (Fig. 3C). It should be noted that upon
extending the fast to 48 h, leptin-infused FXR/ and FXR+/+
mice also entered in torpor. This suggests that additional sig-
nals, independent of FXR and leptin, govern the metabolic
adaptation to long-term fasting. These results indicate that
B. Cariou et al. / FEBS Letters 581 (2007) 5191–5198 5195leptin is involved in the control of the fasting-induced torpor
by FXR.
3.4. FXR/ mice are cold-intolerant
To determine whether FXR-deﬁciency aﬀects thermoregula-
tion in a cold-environment, a temperature challenge study was
performed. After 3 h of cold-exposure at 4 C, male FXR/
mice exhibited a clear cold intolerance with a rapid drop of
body temperature below 20 C (Fig. 4A). Similar results were
obtained in female FXR/ mice (data not shown). PlasmaA
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dropped upon cold exposure in FXR/ mice (Fig. 4C). A sim-
ilar, albeit less marked, pattern was observed for circulating
FFA levels (Fig. 4D). Adequate fuel provision is required to
sustain heat production by BAT in response to a cold-chal-
lenge [14]. Upon this condition, FXR/ mice failed to further
induce BAT UCP1 expression. In contrast, induction of both
DIO2 and PGC-1a gene expression was similar in both geno-24 36 48
uration of fasting (hours)
FXR+/+ctrl
FXR+/+ leptin
FXR-/- ctrl
FXR-/- leptin
∗
§§§
uration of fasting (hours)
6 24
**
FFA 
Pl
as
m
a 
FF
A
 (m
mo
l/l)
Duration of fasting (hours)
0.5
1.0
1.5
0
***
24
FXR+/+
FXR-/-
manner. (A) Plasma triglyceride (TG) and free fatty acid (FFA)
fasting in female FXR+/+ and FXR/ mice (n = 13 mice/group). (B)
nt diﬀerences between both genotypes are depicted as **P < 0.01,
R/ mice at day 0 (9.00 AM) and fasting was begun at the end of day
) (d). Core temperature was monitored with a rectal probe. Data are
wn between treatment (*P < 0.05, ***P < 0.001).
5196 B. Cariou et al. / FEBS Letters 581 (2007) 5191–5198types. These results suggest that limited availability of glucose
and fat for thermogenesis may contribute to the cold-induced
hypothermia in FXR/ mice.4. Discussion
Recently, several studies have highlighted a role of BAs as
signaling molecules involved in the control of energy metabo-
lism [4,15]. Here, we investigated the role of the BA-activated
nuclear receptor FXR in adaptive thermogenesis. Despite ele-A
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tions. In contrast, FXR is involved in the regulation of adap-
tive thermogenesis since FXR/ mice display an accelerated
entry into torpor upon fasting and a cold-intolerance.
In agreement with previous results [4], FXR mRNA expres-
sion was not detected in mouse BAT, suggesting that FXR
controls adaptive thermogenesis in an indirect manner. A cur-
rent hypothesis is that BAs can stimulate energy expenditure in
a FXR-independent manner via a signaling cascade involvingB
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and the subsequent induction of DIO2 and UCP1 gene expres-
sion [4]. However, the chronic elevation of circulating BA lev-
els in FXR/ mice due to enlargement of the circulating BA
pool caused by defective feed-back inhibition of BA synthesis
has little eﬀect on energy homeostasis under chow-diet condi-
tions. In addition, the relative proportion, as well as the abso-
lute concentration, of deoxycholate, the best ligand of TGR5
[4,9], is lower in plasma of FXR/ than in FXR+/+ mice. This,
to our opinion, makes it unlikely that the proposed BA-TGR5-
DIO2 cascade [4] sustains the thermogenic phenotype observed
in these animals.
Several molecular mechanisms could participate in the en-
hanced susceptibility of FXR/ mice to enter into torpor.
During the ﬁrst 24 h of fasting, a leptin-dependent mechanism
seems to be involved. Leptin is the main molecular signal relay-
ing the levels of peripheral fuel stores, primarily in WAT, to
the BAT. In accordance with this hypothesis, leptin levels
dropped to undetectable levels and the infusion of recombi-
nant leptin was able to prevent the accelerated entry into tor-
por of FXR/ mice. A complementary mechanism may be
related to the accelerated depletion of metabolic fuel stores
in FXR/ mice upon fasting. In these animals, we have previ-
ously shown that liver glycogen stores are depleted more rap-
idly upon fasting than in control mice also [11]. Moreover,
FXR/ mice display a transient hypoglycemia upon fasting
that may contribute to their accelerated drop of core body
temperature. Several lines of evidence indeed suggest a role
for the central nervous system sensing the reduced glucose
availability in the regulation of torpor [16,17]. When fasting
exceeds 24 h, fat stores are totally depleted in FXR/ mice.
At this stage, leptin treatment fails to maintain the body tem-
perature in the normal ranges. These data are in accordance
with previous studies. While leptin infusion prevented ob/ob
mice, which are known to accumulate massive TG stores, to
enter into torpor, the same treatment failed to do so in lipoa-
trophic transgenic A-ZIP/F1 mice [18,19].
Despite elevated levels under basal conditions, UCP1
mRNA expression failed to increase in BAT of FXR/ mice
upon cold exposure that might promote the cold-intolerance.
BAT thermogenic activity is largely driven by increased sym-
pathetic signals, which promote UCP-1 gene expression mainly
through cAMP-mediated activation of UCP1 gene transcrip-
tion [3]. In accordance with an intact b-adrenergic receptor sig-
naling pathway, FXR-deﬁciency did not interfere with the
induction of both PGC-1a and DIO2 gene expression upon
cold-exposure [20,21]. Thus, the molecular mechanism of the
lack of induction of UCP1 mRNA levels in FXR/ mice
needs further investigations. FFA are important modulators
of BAT thermogenesis that increase UCP1 protein activity
[3]. It has been demonstrated that adequate provision of
FFA by TG stores in WAT is required for survival of mice
in the cold [14,22]. Similarly as observed during fasting, the
inadequate fuel provision might sustain the defective thermo-
genic response upon cold exposure in FXR/ mice.
Recent studies indicate that FXR play a role in regulating
adipogenesis [8,23]. Compared to wild-type mice, FXR/
mice display reduced adiposity, smaller adipocytes, and lower
leptin levels [8]. However, we failed to detect a direct regula-
tion of leptin gene expression by FXR both in vivo in mice
and in vitro in diﬀerentiated 3T3-L1 adipocytes (B.C. and
B.S., unpublished data). The identiﬁcation of the underlyingmolecular mechanisms by which FXR controls adipocyte dif-
ferentiation is currently underway.
In conclusion, the present study demonstrates that FXR reg-
ulates adaptive thermogenesis in response to both fasting and
cold exposure in vivo in mice via an action outside BAT. Upon
these dynamic conditions, FXR acts by ﬁnely controlling the
level of metabolic fuel stores that are essential to sustain heat
production by BAT. These results identify a role for FXR as a
modulator of energy homeostasis.
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